Background: Longitudinal magnetic resonance imaging (MRI) studies show that a fraction of the multiple sclerosis (MS) T2-lesions contain T1-hypointense components that may persist to represent severe, irreversible tissue damage. It is not known why certain lesions convert to persistent T1-hypointense lesions. Objective: We hypothesized that the T1-hypointense lesions disproportionately distribute in the more hypoperfused areas of the brain. Here we investigated the association between hypoperfusion and T1-hypointense lesion distributions. Methods: MRI and cerebral blood flow (CBF) data were acquired on 45 multiple sclerosis (MS) patients and 20 healthy controls. CBF maps were generated using pseudo-continuous arterial spin labeling technique. The lesion probability distribution maps were superimposed on the CBF maps. Results: Two distinct CBF clusters were observed in the white matter (WM) both in healthy controls and MS patients. An overall reduction in CBF was observed in MS patients compared to healthy controls. The majority of the T1-hypointense lesions were concentrated almost exclusively in the WM regions with lower CBF. The T2-hyperintense lesions were more generally distributed in both higher and lower perfused WM. Conclusion: This study suggests an association between hypoperfusion and T1-hypointense lesions.
Introduction
Multiple sclerosis (MS) is a chronic central nervous system (CNS) disease that affects at least 2.5 million people worldwide. Longitudinal magnetic resonance imaging (MRI) studies show that MS is a dynamic disease in which lesions appear and disappear. About 80% of the newly formed T2-hyperintense lesions appear hypointense on T1-weighted images. About 40% of these lesions remain hypointense over many months to years and are generally referred to as persistent black holes that represent severe, irreversible tissue damage. 1 The correlation between the persistent T1-hypointense lesion volume and Expanded Disability Status Scale (EDSS) is not always consistent. 2 It is not known why certain T2 lesions or portions of T2 lesions convert to persistent T1-hypointense lesions.
The acute and subacute CNS demyelinated lesions that characterize the disease have a striking inflammatory component, and MS is generally accepted to be a T-cellmediated autoimmune disorder. However, the pathological features in MS also include continued progression of brain atrophy, and this can occur despite treatment that effectively reduces inflammation. 3 Perfusion studies based on multiple imaging modalities reported reduced cerebral blood flow (CBF) in MS. 4, 5 In some patients, new focal lesions were observed with reduced mean diffusivity (MD) on diffusion MRI, similar to that observed in acute ischemic lesions. [6] [7] [8] To better explain aspects of the observed pathological features of MS, it was postulated that hypoperfusion plays a critical role in the pathogenesis of MS. 9 The MRI-based spatial distribution of lesions lends support to the role of hypoxia in MS. [10] [11] [12] [13] [14] The spatial distribution of T2-hyperintense and gadolinium-enhanced lesions (Gd lesions) in 19 relapsing-remitting MS (RRMS) patients scanned serially showed more frequent occurrence of T2 lesions in the lower perfused white matter (WM) relative to the higher perfused WM, while contrast-enhanced lesions were observed with equal frequency in both. 15 These observations indicate that persistent lesions appear with lower frequency in relatively well-perfused regions of the tissue compared to poorly perfused areas. It may be particularly telling that lesions in the cortex exhibit a higher propensity for repair than the WM lesions. 16 The higher perfusion in gray matter (GM) relative to WM can perhaps explain this observation. The recently reported inverse correlation between CBF and lesion load also suggests that hypoperfusion plays a role in lesion evolution in MS. 17 Based on the above lines of evidence, we hypothesized that T1-hypointense lesions, the majority of which represent irreversible tissue damage, disproportionately distribute in the more hypoperfused areas of the brain. In this manuscript we present, for the first time, an association between hypoperfusion and MRI-defined T1-hypointense lesion distributions.
Methods

Subjects
Forty-five MS patients (32 females and 13 males; five clinically isolated syndrome (CIS), 34 RRMS and six secondary progressive MS (SPMS)) were included for determining the spatial distribution of lesions. The patient demographic data is summarized in Table 1 . In addition, 20 healthy controls (12 males, eight females; median age 30.2 years (range 23 to 45 years)) were included for determining the normative CBF data for comparison with the values obtained from the MS subjects. These studies were approved by our institution review board.
MRI acquisition
MRI studies were performed on a 3T Philips scanner using an eight-channel head coil. The MRI protocol is summarized in Table 2. CBF data were acquired using the pseudo-continuous arterial spin labeling (pCASL) with a single-shot gradient-echo, echo-planar imaging (EPI) sequence with the following parameters: repetition time (TR)/echo time (TE) = 4300 ms/16 ms and voxel dimension of 3 mm × 3 mm × 5 mm. The other parameters were: number of slices = 29, acquisition matrix of 80 × 80, number of dynamics = 40, label duration = 1650 ms, post-label delay = 1525 ms, average label location relative to the AC-PC line = 85 ± 2.3 mm (mean ± SD), sensitivity encoding (SENSE) factor of 2 along the A-P direction. The tagging efficiency is a parameter that influences the estimated CBF based on pCASL. In pCASL the value of tagging efficiency depends on the subject and magnetic field (both static and radio frequency) homogeneity. The tagging efficiency on each subject was determined by combining information from the flow determined by both pCASL and phase contrast magnetic resonance angiography (PCMRA). 18 Three-dimensional (3D) time of flight MRA was acquired using the 3D fast-field echo (FFE) sequence for visualizing the internal carotid and vertebral arteries for positioning the labeling plane for pCASL using the following scan parameters: TR/TE = 14 ms /2.4 ms, flip angle = 16°, slice thickness of 2 mm, and SENSE factor of 1. We acquired nongated PCMRA using the 2D FFE sequence to estimate the whole brain average blood flow, which acts as a normalization factor, 18 using the following scan parameters: TR/TE = 11 ms/6.7 ms, flip angle = 15°, single 7 mm slice.
MRI analysis
Image segmentation was performed using the MRI Automated Processing (MRIAP) pipeline based on algorithms described elsewhere. [19] [20] [21] The T1-hypointense lesions were automatically identified in a robust way using the procedure described elsewhere. 19 The T1-hypointense lesions were removed from all lesions that appear hyperintense on the T2-weighted images, and we refer to them as T2-hyperintense lesion components.
It should be pointed out that lesions that appear hyperintense on the T2-weighted images do not always contain a T1-hypointense lesion component. The lesion volumes were not corrected for the head size. The segmentation results were manually examined by one of the authors (JSW) with extensive experience in MRI, neuroanatomy, and MS. We compared MRIAP software with FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) and SPM (www.fil. ion.ucl.ac.uk/spm), two of the most commonly used software packages for segmenting WM, GM, and CSF in normal volunteers. The results of these studies have been published. 22 Four operators stripped four sets of images and then processed them with MRIAP. The final segmentation results were evaluated for all the tissues. The MRIAP software was evaluated for the inter-and intraoperator reproducibility and scan-to-scan reproducibility by analyzing data acquired twice (within a week) on six subjects.
Lesion distribution maps
For generating the lesion distribution maps, all images were transformed to the Montreal Neurologic Institute (MNI) space using nonlinear image registration (http:// www.picsl.upenn.edu/ANTS/). The T1-hypointense lesion component represents that portion of a lesion with the most severe tissue disruption/destruction. Lesion probability distribution maps were generated for Gd lesions, strictly T2-hyperintense lesion components, and the T1-hypointense components. The threshold for the cluster size for lesions was set at 3 pixels.
CBF analysis
All the pCASL images were processed for generating the CBF maps using published equations. 18 For calculating absolute CBF the following values were used: time delay between the end of the labeling and the beginning of the acquisition = 1525 ms, T1 of arterial blood = 1624 ms, T1 value in the presence of radio frequency irradiation = 750 ms, blood-brain partition coefficient = 0.98 ml/g (assumed constant for MS and healthy controls), and arterial transit time from the tagging plane to the imaging slice = 2000 ms. As suggested by Aslan et al., 18 the equilibrium magnetization needed for calculating the CSF was obtained from the thalamus by drawing a region of interest (ROI) within that structure.
For transforming the CBF maps to the MNI space, the T1-weighted images were stripped of the extrameningeal tissues and affine-registered to the CBF images. The tissuespecific masks (GM and WM masks) obtained by segmenting the CBF maps were registered to the T1-weighted images. These in turn were registered to the CBF maps to obtain the GM-and WM-specific CBF values. The CBF maps of individual subjects were then deformed to the MNI space using the diffeomorphic and inverse consistent transformation (http://www.picsl.upenn.edu/ANTS/) for generating the CBF template and calculating the group-averaged CBF in GM and WM. The WM atlas in the MNI space 23 was used for automatically identifying different WM structures, such as corpus callosum, fornix, corticospinal tracts, posterior corona radiate, posterior thalamic radiation, sagittal stratum, external capsules, and inferior fronto-occipital fasciculus.
Statistical analysis
We used SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/ spm5/) to determine the significant differences in the CBF values between normal and MS cohorts. Given the heterogeneity of our MS cohort, we explored possible effects of age and gender. For age, we divided the patients into two groups based on median age (20-50 and 51-70 years). Phenotype was not considered because of the small number of subjects in CIS and SPMS. Statistical inferences were based on p = 0.05 (family-wise error).
Results
Segmentation
The inter-and intra-operator and scan-to-scan reproducibility analyses of segmented images did not reveal any visual differences between the two scans on the same subject. Quantitatively, the coefficients of variation for GM, WM, CSF, and lesion volumes were found to be 1.2%, 1.3%, 1.7%, and 2.4%, respectively, indicating excellent reproducibility. Overall, the difference in the mean tissue volumes between different operators for different sets of images was found to be less than 5%.
Average CBF maps
The average labeling efficiency in pCASL was 0.87 ± 0.19 and this information was incorporated for correcting the CBF values for each subject. The CBF maps were warped to the International Consortium of Brain Mapping (ICBM) template in the MNI coordinate system. As an example, the color-coded CBF templates generated on the 45 MS patient cohort and the 20 normal subjects are shown in Figures  1(A) and 1(B) , respectively. In the color-coded CBF template, red and yellow indicate the highest CBF values, while blue and dark blue represent the lowest. As expected the CBF is higher in GM compared to WM. Figure 1 (C) shows the voxels (in red) that showed significant differences in the CBF values between the control and MS cohorts. As can be seen from this figure, a number of regions in MS patients show lower CBF relative to the normal controls. No effect of gender or age was observed on the global CBF in the MS cohort.
The CBF histogram of WM, averaged over all the 20 normal controls, exhibits two peaks that are nearly normally distributed (top left, Figure 2 ). In these plots, the x-axis represents CBF and the y-axis represents the tissue probability at a given voxel. In contrast, the CBF in GM is represented by a single Gaussian distribution (top right, Figure 2 ). Qualitatively, similar behavior was seen in the MS subjects (bottom row, Figure 2 ). The quantitative CBF values in MS subjects, based on the histogram fit, are 16.3 ± 4.89 and 30.46 ± 4.92 ml/min/100 gm in the WM and 69.6 ± 6.39 ml/min/100 gm in GM. Using the statistical information (mean, standard deviation) from the Gaussian fits, we assigned each WM voxel to one of the two CBF values. To determine the WM regions that correspond to these two CBF values, we have overlaid the CBF values on the WM atlas. 23 The corona radiata is the dominant WM structure with low CBF while structures with higher CBF include cingulum, corpus callosum, and superior longitudinal fasciculus, among others.
The results of the quantitative analysis of regional CBF in normal and MS patients are summarized in Figure 3 . The quantitative analysis indicates a general reduction in CBF in MS subjects in multiple structures relative to healthy controls was observed. The reduction was not found to be either gender or age dependent.
Lesion probability distribution
The lesion probability distribution maps for all the three types of lesions superposed on the T1-weighted images are shown in Figure 4 (top row). The highest lesion frequency (~60%) was observed in the periventricular non-callosal WM that includes the anterior, middle, and posterior corona radiata. These are the regions with relatively poor perfusion. The observed T1-hypointense lesion distribution is mainly confined to the WM with low CBF values (see below). The Gd lesion probability distribution and the maximum distribution was observed to be less than 5%.
Lesion distribution and CBF
We superimposed the lesion distribution on the CBF maps with representative results shown in Figure 4 (bottom row). The T2-hyperintense lesion components appear with high probability both in the low-and high-perfused WM. In contrast, the majority of the T1-hypointense lesions appear to be mainly confined to the hypoperfused areas. We did not detect any apparent age or gender effects on the spatial relation between lesions and hypoperfusion. While the probability of Gd lesions is very low (maximum probability is In the color-coded CBF maps, yellow and red indicate highest CBF values and blue and dark blue the lowest (please refer to the online files for colour). The voxels that show significant differences (based on p = 0.05; family-wise error) are shown in red and are superimposed on the T1 template (C). 5%), they appear to be distributed in both low-and highperfused WM.
Discussion
In this study we investigated if T1-hypointense lesions, many of which could represent severe tissue injury, are associated with hypoperfusion in MS. Our study is based on the spatial relationship between CBF and the T1-hypointense and T2-hyperintense components of lesions. The most interesting observation is that the T1-hypointense lesions that could lead to the most severe tissue disruption localize disproportionately in the more poorly perfused regions of the brain. This suggests an association between hypoperfusion and T1-hypointense lesions.
Gd lesions are generally considered to represent acute lesions. It would have been of interest to determine if initial lesion formation is independent of relative tissue perfusion, as the report by Lee et al. suggests. 15 Since Gd lesions usually persist only for four to six weeks, capturing them requires frequent scanning. In the current cross-sectional study we observed enhancements in 10 of 45 (22.2%) patients. Those captured were spread throughout the WM, resulting in a low probability of < 5% of observing these lesions at any given location. Thus, it is difficult to draw any meaningful conclusions about the association between perfusion and appearance of Gd lesions based on these studies.
In one of the largest studies available to date, Holland et al. 11 investigated the association between perfusion and lesion location. They measured CBF in normal subjects using single photon emission computed tomography (SPECT) and focused only on the T2 lesions. Our study differs from theirs in a number of ways. We measured CBF in MS patients using pCASL, which provided CBF maps with higher spatial resolution. We also determined the absolute value of CBF. Perhaps a more important difference is that we focused on the T1-hypointense lesion components to explore the relationship of the extent of potential for the most severe tissue destruction and regional CBF. Since an important percentage of T1-hypointense lesions represent the most severely affected tissue and have a high likelihood of persistence, the association between this lesion component and perfusion could prove more informative for investigating the basis of tissue preservation and repair than unfractionated T2 lesions.
Our results suggest an overall reduction of CBF in MS subjects compared to healthy controls. This may suggest that hypoxic condition could provide an environment that is conducive for lesion formation and persistence.
Based on our results, we suggest that reduced blood flow compromises tissue repair. However, what is not clear is whether reduced CBF is a consequence of lesion formation or if the hypoxia creates an environment that compromises lesion repair, or contributes to further future permanent tissue destruction. Longitudinal MRI studies suggest that alterations in tissue perfusion may precede lesion formation. 24 Neuropathologic studies have documented ischemic changes, at least in a subset of lesions. 25 However, Gd lesions appear with equal probability throughout the WM, 15 suggesting that lesion formation may not be solely dependent on the state of tissue perfusion. Whatever the mechanism for lesion formation might be, hypoperfusion appears to compromise innate tissue repair following lesion generation, predisposing to the formation of permanent T1-hypointense lesions or "black holes."
In this study our focus has been the role of hypoperfusion/hypoxia on the WM lesion repair or further tissue deterioration. However, hypoxia may also play an important role in WM lesion formation in MS. WM regions with normally low perfusion are vulnerable to hypoxic injury for a number of reasons that include marginal blood supply, CBF that is typically 20% to 40% of GM, and with poor collateral supply. [26] [27] [28] In rodents subjected to middle cerebral artery occlusion, severe swelling of astrocytes and oligodendrocytes in WM was observed within 30 minutes of occlusion. These changes preceded neuronal necrosis in cortex and basal ganglia. 29 These studies clearly demonstrate the high vulnerability of WM to ischemia. This susceptibility to hypoxic injury makes WM particularly vulnerable to lesion formation. The role of hypoxia in lesion formation is further supported by the observation that in some patients, new focal lesions are observed with reduced mean diffusivity on diffusion MRI, similar to that observed in acute ischemic lesions. 30, 31 Multiple lesions in the centrum semiovale and corona radiata arranged in a linear fashion are commonly associated with hemodynamic impairment. 32, 33 Such lesion patterns are commonly seen in MS patients. It has been suggested that the centrum semiovale and corona radiata are at a higher risk for ischemia because of the nature of arterial supply. 34 On histopathology, similarities between MS lesions and ischemic WM disease were reported. 4 One might also argue that the spatial association between hypoperfusion and T1-hypointense lesions is purely coincidental. In view of the published literature (see above and the Introduction), such a coincidence appears unlikely.
Our analysis did not indicate that age or gender had an effect on the CBF values and lesion distribution. However, this result should be interpreted with caution since our cohort size was relatively small with a large age range, and needs to be confirmed on a larger patient sampling.
The CNS is highly dependent on ATP for energy. These energy needs are further increased in demyelinated axons because of the compensatory redistribution of sodium channels along the length of the exposed axolemma, rather than remaining concentrated at the nodes of Ranvier in myelinated axons. 35 The resulting increase in the sodium influx places a greater demand on the Na/K/ ATPase, a major user of ATP within the CNS. 36 As a result of hypoxia the ATP production is reduced and homeostasis disturbed, causing further injury to the tissue. Another possible consequence of the hypoxic environment is the oxidative damage caused by the increased production of superoxide by mitochondria. There is some evidence that hypoxia increases the release of reactive oxygen species by mitochondria. 37 In fact, generation of reactive oxygen species by mitochondria appears to be necessary for metabolic adaptation to hypoxia and angiogenesis to increase oxygen supply. 38 The oxidative stress caused by the reactive oxygen species damages mitochondrial DNA as is well documented in MS. 39, 40 It is also reasonable to speculate that poor regional tissue perfusion may reduce the removal of a variety of cytokines and other macromolecules that experimentally have been shown to contribute to oligodendroglial cell damage, 41 and to inhibit the ability of otherwise competent oligodendroglial precursor cells to initiate remyelination in MS plaques. 42, 43 One might also consider the role of relative hypoperfusion in MS WM in predisposing to oligodendroglia apoptosis in the absence of inflammatory influences. 44 
Limitations
The cross-sectional nature is a limitation of this preliminary study. It would be quite informative to determine the temporal pattern of T1-hypointense lesion development and persistence in relationship to MS CBF maps. Future studies, including clinical trials, might incorporate CBF as a part of the MRI protocol. Such studies could help establish a robust association between perfusion and the propensity for lesion persistence or repair. MS is a dynamic disease in which new lesions appear and existing lesions expand/shrink/disappear; all contribute to lesion activity. Subtraction imaging was shown to be a powerful and robust technique for automatic detection of lesion activity. 45 We intend to pursue such analyses on large datasets. Here we identified T1-hypointense lesions as those lesions that do not show contrast enhancement but are hypointense on T1-weighted images. Because of the cross-sectional nature of this study, it is not clear that all of the T1-hypointense lesions represent chronic lesions characterized by irreparable tissue destruction. The heterogeneity of the MS subjects in terms of demographics is ignored in this study. We have not included cortical lesions as the conventional sequences used in this study are not sensitive in detecting cortical lesions. Even with advanced sequences such as double inversion recovery sequences, studies suggest that only a fraction of cortical lesions are detected. Finally, because of the noisy nature of the pCASL measurements, we used a relatively large voxel size of 3 mm × 3 mm × 5 mm.
This introduced partial volume averaging that could have affected our conclusions. In spite of these limitations, we believe that these are the first studies that report a more direct association between hypoperfusion and tissue destruction/ repair using multimodal MRI and lead to a testable hypothesis about the role of perfusion in MS lesion repair.
Conclusions
In this study we report an association between hypoperfusion and lesion distribution. We have demonstrated that MS WM exhibits two distinct CBF values. Moreover, the majority of the T1-hypointense lesions, a significant percentage of which reflects more intense tissue disruption/destruction and an increased propensity for persistence as chronic lesions, are disproportionately present with highest probability in the most hypoperfused WM regions compared to strictly T2-hyperintense lesions. The results of these multimodal studies strongly implicate hypoperfusion as a factor that contributes to tissue destruction and may interfere with lesion repair.
